Histone deacetylases such as human HDAC1 and yeast RPD3 are trichostatin A (TSA)-sensitive enzymes that are members of large, multiprotein complexes. These contain specialized subunits that help target the catalytic protein to histones at the appropriate DNA regulatory element, where the enzyme represses transcription. To date, no deacetylase catalytic subunits have been shown to have intrinsic activity, suggesting that noncatalytic subunits of the deacetylase complex are required for their enzymatic function. In this paper we describe a novel yeast histone deacetylase HOS3 that is relatively insensitive to the histone deacetylase inhibitor TSA, forms a homodimer when expressed ectopically both in yeast and Escherichia coli, and has intrinsic activity when produced in the bacterium. Most HOS3 protein can be found associated with a larger complex in partially purified yeast nuclear extracts, arguing that the HOS3 homodimer may be dissociated from a very large nuclear structure during purification. We also demonstrate, using a combination of mass spectrometry, tandem mass spectrometry, and proteolytic digestion, that recombinant HOS3 has a distinct specificity in vitro for histone H4 sites K5 and K8, H3 sites K14 and K23, H2A site K7, and H2B site K11. We propose that while factors that interact with HOS3 may sequester the catalytic subunit at specific cellular sites, they are not required for HOS3 histone deacetylase activity.
W
e previously have identified a yeast (Saccharomyces cerevisiae) histone deacetylase HDA1 (1) that was found to have similarity to four other histone deacetylases, RPD3, HOS1, HOS2, and HOS3, inferred from the yeast genome database (2) . Of these enzymes, RPD3 is homologous to a mammalian histone deacetylase subunit, HDAC1 (3) , that is recruited in a multiprotein complex (4) to various regulatory DNA sequences, such as Mad-Max binding sites, to repress adjacent genes (5, 6) . This involves proteins such as mSIN3 and p48, which interact with repressor proteins and histones, respectively (5) (6) (7) . Similar mechanisms are involved in repression by the unliganded thyroid hormone receptor (8) , retinoblastoma protein (9-11), notch protein (12) , and other proteins (13) (14) (15) . In certain HDAC complexes (e.g., Mi2), ATPases are also implicated in histone deacetylase function (16) (17) (18) . Surprisingly, although HDAC1 binds small-molecule deacetylase inhibitors such as trichostatin A (19) , apicidin (20) , and trapoxin (3), it has not yet been shown that HDAC-like proteins have intrinsic deacetylase activity. This suggests that other proteins in the HDAC complex are required for activity of the catalytic subunit.
In yeast, the RPD3 deacetylase is also found in a large, multiprotein complex even after extensive enzyme purification (2, 21, 22) . This trichostatin A (TSA)-sensitive enzyme complex is targeted by SIN3 to UME6-regulated genes in a manner similar to that involving Mad-Max (23) . Other yeast histone deacetylases that include HDA1, HOS1, and HOS2 are also found in large complexes after similar purification. In this paper we describe a novel histone deacetylase, HOS3, that is relatively insensitive to TSA. Although HOS3 has a predicted molecular mass of 79 kDa (2) , it has been purified as a homodimer after its ectopic expression in either yeast or Escherichia coli. The homodimeric enzyme in E. coli has intrinsic catalytic activity in vitro for specific sites in each of the four core histones. It is likely that HOS3 has been purified away from a larger yeast complex; however, whereas the other proteins in the complex may sequester HOS3, they are not required for its activity as a deacetylase of acetylated substrates in vitro.
Experimental Procedures
Cloning, Disruption, and Overexpression of HOS3 in Yeast. The full-length HOS3 gene was cloned into pBluescript II SK (Stratagene) plasmid KpnI and NheI sites by inserting a 2.5-kb fragment generated by PCR using the primers GATCGGTAC-CAAGGGCTCTGGAAGTAAACAG and GATCGCTAGCT-GTCAGGCTGATAAAGCTTATAG. This construct then was digested with XhoI and XbaI and KanMX3 (24) was inserted to generate the HOS3 knock-out plasmid, pskH3kan. This was used to disrupt HOS3 in the parental YDS2 strain (25) to generate the yeast strain SRYH3 in which HOS3 is disrupted. Using the same primer sets, the HOS3 containing fragment also was cloned into pYES2 (Invitrogen) to generate plasmid pYHOS3 in which HOS3 is regulated by the GAL1 promoter. This plasmid was transformed into YDS2 to generate the strain SRYH3gal in which HOS3 overexpression occurs in galactose but not in glucose-containing media.
Analysis of Histone Acetylation by Western Blot. ECL (Amersham)
Western blots and use of antibodies against specific H4 sites of acetylation were similar to that described (2) . The same Western blots also were reacted with 35 S-labeled anti-rabbit Ig (Amersham) according to the manufacturer's recommendations and, subsequently, were quantitated by using a Molecular Dynamics PhosphorImager and IMAGEQUANT software.
Purification of HOS3 from Yeast. Purification of HOS3 from yeast nuclear extracts was done as described previously (1) , except that the high salt extraction was performed at 450 mM NaCl. The resulting extracts from YDS2 and SRYH3gal were purified on DEAE-Sepharose-ff with a 50-to 250-mM NH 4 Cl step, dialyzed, and rechromatographed on SP-Sepharose-ff retaining the 275-to 450-mM NaCl step gradient material. This was purified further on Mono S HR 10͞10 along a linear gradient between 320 and 430 mM NaCl in 42 ml. The peak HOS3 activity was This paper was submitted directly (Track II) to the PNAS office.
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concentrated and chromatographed on a Superdex-200 (1.0 cm ϫ 46 cm) column [all with buffers as described previously (1) ]. The protein was detected both by Western blotting and deacetylase activity assays. Production of HOS3-specific polyclonal antibody (␣-HOS3.640) was performed by producing a GST-fusion protein of the divergent C terminus of HOS3 between amino acids 594 and 697. This was achieved by utilizing the GST-fusion vector pGEX2T cleaved with EcoRI and BamHI (Pharmacia) and cloning a PCR product generated with the following oligonucleotides: CGTGGATCCGAAGAATTGAA-CAAAACTTTC and GATGAATTCCCCATCTTCCACCAC-TTCTTG. The GST-HOS3 fusion protein was expressed and purified on glutathione-Sepharose (Pharmacia) according to the manufacturer's instructions, and the protein was used for antibody production in rabbits according to standard protocols (28) . Enzyme assays were performed by using [ 3 H]acetyl-lysinelabeled Hela histones as described previously (1).
Cloning, Expression, and Purification of HOS3 in E. coli. The fulllength HOS3 protein gene was amplified by PCR, using oligonucleotide primers that added BamHI (CGTGGATCCAAGC-ATTCAGATCCATTGG) and SmaI (GTTCCCGGGTCACC-CTCTTCCACCAC) sites, and then cloned into the Stratagene E. coli expression vector pCALn. These primers allowed for the cloning of the encoded HOS3 protein from amino acid 3 to the natural stop codon at amino acid 696. The resulting plasmid was transformed and expressed in the E. coli strain BL21(DE3)pLysS. Cells with the HOS3 enzyme or vector alone were grown at 37°C in 2 liters of TYE (1% tryptone͞0.5% yeast extract͞170 mM NaCl) liquid medium plus 100 mg͞liter ampicillin to an A 600 Ϸ 0.4 and then induced with 1 mM isopropyl ␤-D-thiogalactoside for 2 hr at 30°C. Cells were harvested and resuspended in lysis buffer (50 mM Tris⅐HCl, pH 8͞250 mM NaCl͞2.5 mM DTT͞1.0 mM magnesium acetate͞1.0 mM imidazole͞2.0 mM CaCl 2 ͞ 0.25% Triton X-100͞20 M leupeptin͞2.0 mM PMSF) at 4°C. Cells were lysed by sonication and then centrifuged in a Beckman 45Ti rotor at 40,000 rpm for 45 min. The fusion protein was affinity-purified on calmodulin affinity resin (Stratagene) according to the manufacturer's instructions except that the wash and elution buffers contained 400 mM NaCl. This material was concentrated over a 24-hr period by vacuum dialysis (using a membrane with a 30-kDa molecular mass cutoff) in buffer DBHS (50 mM Tris, pH 8͞500 mM NaCl͞10 M ZnCl 2 ͞2.5 mM DTT). The concentrated enzyme was purified further on a Superdex-200 column (1.0 cm ϫ 46 cm) in the above dialysis buffer.
Analysis of Recombinant HOS3 Molecular Weight by Sedimentation
Equilibrium Ultracentrifugation. Sedimentation equilibrium ultracentrifugation was performed at 4°C by using a Beckman Optima XL-A analytical ultracentrifuge and software using absorption optics at 290 nm and double-sector cells. The sample was dialyzed against buffer DBHS (as above), and the dialysis buffer was used as the blank reference. Sedimentation equilibrium profiles were measured at 8,000 rpm at a concentration of 1.2 and .12 mg͞ml. The XL-A data were fitted with a nonlinear leastsquares exponential fit for a single, ideal species by using the Beckman ORIGIN 3.01 (Microcal Software, Northampton, MA) software. Analysis using an interacting monomer-dimer model indicates the association was high with no apparent monomer present at the lowest concentration (0.12 mg͞ml) analyzed. A partial specific volume of 0.723 ml͞g was used and was calculated from the amino acid composition and corrected to 4°C (29) .
Synthesis of Acetylated Peptides. The following peptides were synthesized by the Biopolymer Synthesis Center at Caltech: H2A (amino acids 1-16) SGGK-AcGGK-AcAGSAAK-AcASC, H2B (amino acids 1-25) SAK-AcAEK-AcK-AcPASK-AcAPAEKAcK-AcPAAK-AcK-AcTSC, H3 (amino acids 1-30) ARTKAcQTARK-AcSTGGK-AcAPRK-AcQLASK-AcAARK-Ac-SAC, and H4 (amino acids 1-19) SGRGK-AcGGK-AcGLGKAcGGAK-Ac RHRC (where K-Ac is an acetylated lysine).
Deacetylation of Acetylated Histone Peptides and Mass Spectroscopy.
Analysis of deacetylated histone peptides was performed by using acetyl-lysine peptides synthesized as described above. Enzyme assays were performed with 25 nM of each peptide and assay conditions described previously (1), but reactions were stopped on dry ice-ethanol. The recombinant HOS3 enzyme was added at 0.05, 0.24, or 1.2 g per reaction, and assays were incubated for 0, 5, 15, 30, 60, 120, and 240 min. Samples were desalted by using a C4, 300Å nanocartridge (Western Analytical Products, Temecula, CA) and screened by using matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS) (PerSeptive Biosystems, Framingham, MA) to determine the extent of deacetylation at various time points. After MALDI-TOF-MS analysis, the specificity of deacetylation for H2A and H4 was determined directly by capillary HPLC tandem mass spectrometry (cHPLC-MS͞MS) using a homebuilt microspray ionization source fitted on a Finnigan-MAT (San Jose, CA) LCQ quadrupole ion trap. For cHPLC-MS͞MS analysis, 1-2 l of sample was loaded by using a pressure vessel onto a reverse-phase capillary column (100 M i.d. fused silica capillary) with 10 M Poros R2 packing (PerSeptive Biosystems). The column was connected in-line with an Applied Biosystems 130 HPLC gradient system equipped with a flow splitter that provided Ϸ500-nl͞min eluate that was fed directly into the LCQ. Precursor ions were isolated and fragmented by using resonance excitation with a relative collision energy of 30% and an isolation width of 3 Da. Product ion or MS͞MS spectra were interpreted manually to determine the presence and exact location of deacetylated acetyl-lysine residues. Enzymatic digestion of H2B with trypsin (Promega) and H3 with endoproteinase Lys-C (Roche Molecular Biochemicals, Indianapolis) were performed before characterization by cHPLC-MS͞MS. Both trypsin and endoproteinase Lys-C require an unmodified lysine in the P1 position. Acetyl-lysyl peptide bonds are not hydrolyzed by either enzyme. In all cases, the structures of internal peptides generated from proteolysis were confirmed by cHPLC-MS͞MS allowing for site determination. The relative rate of catalysis of individual acetyl-lysines in the individual peptides was determined based on the relative abundance (Ϯ5%) of each species.
Results

HOS3 Disruption Results in Increased Histone H4 Acetylation in Yeast
Cell Extracts. HDA1 originally was shown to have strong sequence similarity not only to RPD3, HOS1, HOS2, and HOS3 in yeast but also to an acetylpolyamine amidohydrolase (APH) of the bacterium Mycoplana bulata (2) . Because this bacterium is unlikely to contain histones, there existed the possibility that HOS3 may not target chromatin. Therefore, we first asked whether HOS3 disruption increases histone acetylation in yeast. The HOS3 coding region was disrupted by insertion of the KanMX construct as described in Experimental Procedures. We found that HOS3 disruption in a haploid strain (SRYH3) did not prevent viability and had little effect on growth. For example, in rich (YPD) medium, SRYH3 had a doubling time of 109 min as compared with 108 min for the YDS2 wild-type strain. In defined medium, SRYH3 doubled in 168 min as compared with 149 min for wild type. To examine the effect of HOS3 disruption on steady-state histone acetylation, histones were purified from cell extracts of wild-type (YDS2) and hos3⌬ (SRYH3) cells. Histone acetylation was analyzed by Western blotting (Fig. 1A) by using polyclonal antibodies specific for individual sites of acetylation. Antibodies used include those against histone H4 sites K5-Ac, K8-Ac, K12-Ac, and K16-Ac. In Fig. 1 A, lanes 1 and 3 contain 1 g and lanes 2 and 4 contain 3 g of core histone protein, which were visualized by staining with amido black. The Western blots demonstrate that HOS3 disruption results in increased acetylation of all sites in H4 ( Fig. 1 A, compare lanes 1 and 3 and lanes 2 and 4). When the increased acetylation levels were quantitated by phosphorimaging we found that the largest fold increases in acetylation are at sites K5, K8, and K12 (Fig. 1B) . These data suggest strongly that HOS3 is a histone deacetylase that affects histone H4 in vivo.
HOS3-Specific Histone Deacetylase Activity. To determine whether there is an HOS3-specific histone deacetylase activity in yeast, we prepared an anti-HOS3 antibody to its divergent C terminus from residues 594-696 to minimize cross-reaction with other histone deacetylases (described in Experimental Procedures). This was used to immunoprecipitate HOS3 protein and deacetylase activity from yeast nuclear extracts. As shown in Table 1 , anti-HOS3 immunoprecipitates approximately 17% of the level of deacetylase activity as does anti-HDA1 (1) from nuclear extracts of wild-type (YDS2) yeast. Anti-HOS3 does not immunoprecipitate significant deacetylase activity from nuclear extracts of hos3⌬ yeast (SRYH3). This decreased, baseline level of activity is similar to that obtained when beads lacking antibody or an antibody [anti-RAP1 (30)] unrelated to histone deacetylases are used. Moreover, deletion of HOS3 had no obvious effect on the immunoprecipitation of deacetylase HDA1 when using anti-HDA1 antibody. Therefore, yeast nuclear extracts contain an HOS3-specific histone deacetylase activity.
HOS3 (79 kDa) Can Be Fractionated as an Apparent Dimeric Complex
That Is the Active Form of the Enzyme. To determine the size of the complex containing the HOS3 activity, we fractionated a nuclear extract from wild-type yeast by using DEAE-Sepharose, SPSepharose, Mono S, and Superdex-200 gel filtration. This revealed an activity whose peak is at approximately 172 kDa ( Fig.  2A) . When these fractions were electrophoresed on SDSpolyacrylamide gel and reacted against anti-HOS3 antibody by Western blot we detected the HOS3 peak protein level at a similar molecular size (approximately 160 kDa) (Fig. 2B) . Because the encoded molecular mass of HOS3 is 79 kDa, this suggests that HOS3 may form a homodimer.
Because the HOS3 enzyme in wild-type cells is relatively rare, as compared with HDA1, making its analysis more difficult, we overexpressed the HOS3 protein ectopically. The HOS3 gene was cloned into the yeast GAL1 promoter of vector pYES2 (described in Experimental Procedures). We found that a yeast strain (SRYH3gal) containing GAL1-HOS3 and grown in galactose-containing medium contains an approximately 4-fold increase in HOS3 enzyme activity (Fig. 2 A) . The molecular mass of this enzyme complex is approximately 160 kDa. Therefore, it is likely that HOS3 protein forms an active homodimer when overexpressed in yeast.
To ask whether the apparent dimer of HOS3 may have been dissociated from a larger complex during purification, we used an abbreviated purification protocol. The enzymatic activity from the nuclear extract of wild-type (YDS2) cells was purified on DEAE-Sepharose, concentrated, and transferred directly to a Superdex-200 gel-filtration column. Under these conditions, most HOS3 was detected, by Western blot, in a very large complex (greater than 800 kDa) (Fig. 2C) . This complex fractionates at a size that is even larger than that of the cellular deacetylase activity in this size range. This activity (peak fraction 20) is not due to HOS3 because it is found even in a hos3⌬ strain; however, we cannot exclude the possibility that the larger HOS3-containing complex also contains some HOS3 deacetylase activity. Interestingly, when HOS3 is overexpressed, most of the HOS3 protein, as detected by Western blot [enhanced chemiluminescence (ECL)], is found associated with the large complex (fractions 14-16) or is apparently monomeric (fractions 32-34). However, most of the increased activity, resulting from overexpression of HOS3, lies in the location of the apparent dimer (fractions [28] [29] [30] . Therefore, we conclude that HOS3 may be found in a larger complex during early stages of purification. Upon overexpression of HOS3, most of the protein is monomeric or can be associated with a very large complex. However, it is only in the location of the apparent dimer that the bulk of HOS3 activity is found.
HOS3 Forms a Homodimer and Has Intrinsic Activity in E. coli. To determine whether HOS3 can form a homodimer with intrinsic activity we cloned the HOS3 gene into a bacterial expression vector (pCALn) that contains a tag for the calmodulin-binding protein (CBP). After expression of the CBP-HOS3 recombinant protein in E. coli, the 84-kDa fusion protein was affinity-purified 4) were determined by electrophoresing 1 g (lanes 1 and 3) or 3 g (lanes 2 and 4) of histones on SDS-polyacrylamide gel. After transfer to PVDF membranes (Millipore) (Experimental Procedures), blots were probed with antibodies specific for H4 acetyl-lysine 5, 8, 12, or 16 (antibodies to be described elsewhere). Protein load was visualized by staining the membrane with amido black. Antibody binding then was detected by using ECL (Amersham) and anti-rabbit Ig HRP-linked antibody (Amersham) as described in Experimental Procedures. (B) Quantitation of increased acetylation levels of histone H4 sites observed for histones isolated from hos3⌬ versus wild-type yeast. Western blots in A were reacted with 35 S-labeled anti-rabbit Ig, detected by PhosphorImager, and analyzed by using IMAGEQUANT software as in Experimental Procedures. Quantitation is given as fold increase in acetylation observed for the histones isolated from the SRYH3 strain (hos3⌬) vs. YDS2 (wt). Activity is given as total cpm release from 50,000 cpm total [ 3 H]acetyl Hela histones. Extracts were prepared, immunoprecipitated, and assayed as described previously (1).
on calmodulin-Sepharose. Gel filtration revealed that the peak activity chromatographed at an apparent molecular mass of 190 kDa (Fig. 2 A) . We found that the active peak fractions contained a single, 84-kDa CBP-HOS3 species as determined by staining an SDS͞PAGE gel with Coomassie blue and by Western blotting (Fig. 2B) . Because there was a slight discrepancy between the apparent molecular mass of the E. coli-produced CBP-HOS3 activity vs. the yeast HOS3 activity, we wished to determine more accurately the molecular mass of the CBP-HOS3 complex purified from E. coli. The peak Superdex fraction (28) containing CBP-HOS3 was analyzed by sedimentation equilibrium ultracentrifugation. Using this method we determined for a single, ideal species that the molecular mass of the CBP-HOS3 complex is 173 kDa Ϯ 3.1 kDa (data not shown). This is very close to the predicted molecular mass of CBP-HOS3 homodimer (168 kDa). No other E. coli proteins were observed by SDS͞PAGE after purification. Moreover, thrombin and tryptic protease digests of CBP-HOS3 were consistent with a single species (data not shown). Therefore, we conclude that HOS3 forms a homodimer in E. coli and has intrinsic deacetylase activity in this form.
HOS3 Is Relatively Insensitive to the Histone Deacetylase Inhibitor TSA
as Compared with HDA1 and RPD3. TSA is a potent, noncompetitive inhibitor of both mammalian and yeast histone deacetylases (1, 19) . To determine whether HOS3 is sensitive to TSA, we tested immunoprecipitated HDA1, RPD3, and HOS3 activities from yeast for their sensitivity to this drug by using antibodies and procedures described earlier (1, 2). HOS3 from yeast was found to be at least two orders of magnitude less sensitive to TSA than HDA1 (Fig. 3) . Interestingly, CPB-HOS3 purified from E. coli appears even less sensitive to the drug. Whether there are small quantities of contaminating deacetylases in the yeast HOS3 precipitate that contribute to this difference is unknown at this time. Finally, we found that the sensitivity of RPD3 deacetylase activity to TSA is intermediate between HDA1 and HOS3. We conclude that HOS3 is relatively insensitive to TSA. 3 . HOS3 is much less sensitive to the deacetylase inhibitor TSA than the related deacetylases HDA1 or RPD3. Activities containing HOS3, HDA1, and RPD3 were obtained by immunoprecipitation from yeast nuclear extracts as described previously (1) . HOS3 from E. coli was obtained from the peak fraction in Fig. 2 A (fraction 28). [ 3 H]acetyl-Hela histones (50,000 cpm) were incubated with each of the deacetylases for 30 min and assayed as described previously (1) . Inhibition of deacetylase activity at various concentrations of inhibitor was calculated as a ratio of enzyme reactions containing TSA vs. no TSA. Maximal conversion of the [ 3 H]acetyl-Hela histones to the release of free acetate was maintained below 2% to reduce the effect of substrate limitation on the apparent inhibition by TSA.
with CBP-HOS3, the deacetylated peptides were analyzed by cHPLC-MS͞MS (Fig. 4) and MALDI-TOF-MS (Fig. 5) to determine the precise sites most sensitive to the deacetylase. Incubating the peptides with increasing amounts of CBP-HOS3 over a time course followed by direct mass spectral analysis or a combination of proteolysis-mass spectrometry allowed us to generate a profile for deacetylation of individual sites. MALDI-TOF-MS was used to determine the number of sites. MALDI-TOF-MS analysis of the H4 peptide suggested that two major sites of deacetylation occur. The first was detected at 5 min (m͞z 2093, mono-deacetylated, Fig. 5A ), with the second site appearing at the 60-min incubation (m͞z 2051, di-deacetylated). The later time points show a small amount of a possible third deacetylation site (m͞z 2009, tri-deacetylated). The cHPLC-MS data indicate that sites K5 and K8 were deacetylated, in that order (Fig. 4A) , the minor form suggesting a possible third deacetylation site generated only after longer incubation was not identified. These data demonstrate that the enzyme has a distinct preference for sites K5 and K8, with less preference for K12 or K16. Moreover, our data suggest that K5 must be deacetylated before K8 deacetylation can occur.
For the histone H3 peptide, two major deacetylation sites were identified. The first was detected at the 5-min incubation (m͞z 3368, mono-deacetylated, Fig. 5B ), and the second site was detected at 15 min (m͞z 3326, di-deacetylated). This profile of deacetylation remained until the 120-min time point, in which a small amount of a possible third deacetylation site (m͞z 3284, tri-deacetylated) was detected. To define more precisely the affected sites, the peptide was digested with endoproteinase Lys-C, a protease that specifically cleaves amide bonds on the carboxyl side of unmodified lysine residues, followed by analysis using cHPLC-MS͞MS. Results showed that cleavage occurred only at K14 and K23 with detection of three Lys-C-generated peptides: (Fig. 4B) . We conclude that CBP-HOS3 has a distinct specificity for histone H3 K14 and K23 in vitro and is able to deacetylate one or more of the remaining sites less efficiently.
In contrast to H3 and H4, we found that, for H2A and H2B, only single sites in each were relatively efficient substrates for the enzyme. In H2A, only site K7 was deacetylated efficiently, with up to 80% deacetylation at 240 min (Fig. 4C ). For H2B, only site K11 was deacetylated, but less efficiently (15% at 240 min, Fig. 4D ), and all other five sites remained resistant. It is possible that the three close pairs of acetylated lysines (K6 and K7; K16 and K17; and K21 and K22) present an unnatural substrate that would not be encountered in vivo. We conclude that all four histones can be deacetylated by CBP-HOS3 in a site-specific manner.
Discussion
The data above support strongly the identification of yeast HOS3 as a new histone deacetylase. HOS3 has 38.9% similarity to RPD3 over 271 aa (HOS3 amino acids 118-389, using the BESTFIT program; Genetics Computer Group, Madison, WI), its disruption increases histone H4 acetylation in cell extracts, and the enzyme deacetylates core histones in vitro in a highly specific manner. However, HOS3 is a highly unique deacetylase. Under similar conditions of purification that give rise to very large and stable, multisubunit RPD3-and HDA1-containing complexes, HOS3 was purified as a homodimer. HOS3 activity is relatively insensitive to the deacetylase inhibitor TSA, demonstrating a difference in structure between the HOS3 catalytic subunit and that of HDA1 and RPD3. It also has intrinsic activity when expressed in E. coli. This may be a feature unique to HOS3. In the case of HDA1, when any of the subunits (HDA1, HDA2, or HDA3) of the HDA1 complex are disrupted, HDA1 activity is reduced completely in vitro and in vivo (J. Wu, A.A.C., and M.G., unpublished data). Therefore, HDA2 and HDA3 are essential for HDA1 activity. Similar consideration may hold for the other deacetylases. We have attempted to express the remaining histone deacetylases (RPD3, HDA1, HOS1, and HOS2) as CBP-tagged proteins in a manner identical to that described for HOS3. However, only CBP-HOS3 showed intrinsic histone deacetylase activity in E. coli (data not shown).
Interestingly, CBP-HOS3 has high specificity in vitro for restricted sites in H4 (K5, K8), H3 (K14, K23), H2A (K7), and, to a much lesser extent, H2B (K11) in acetylated histone peptides. Both the Western blot data (Fig. 1) and the MALDI-TOF-MS analysis (Fig. 5) argue for a third site that is deacetylated somewhat less efficiently in histone H4 by HOS3. This site is likely to be histone H4 K12 (Fig. 1) . We do not know which other sites are deacetylated less efficiently in H3. It should be noted that one or more acetyltransferases must acetylate the sites that are subsequently deacetylated by HOS3 in vivo. ESA1 may be a candidate for such an acetyltransferase. Unlike GCN5, which has specificity for histone H3 in vitro (32) and in vivo (J. Wu and M.G., unpublished data), ESA1, like HOS3, affects H4, H3, and H2A preferentially in vitro. In particular, it acetylates H4 site K5 and H3 site K14 most efficiently (33) . Whether ESA1 (or a related acetyltransferase other than GCN5) acetylates sites deacetylated by HOS3 and whether either enzyme has a different specificity in vivo remain to be determined.
HOS3 is found in a very large complex in partially purified yeast nuclear extracts. This is true whether we examine wild-type cells or cells overexpressing HOS3. In wild-type cells, most, if not all, of the HOS3 is in the larger complex. When HOS3 is overexpressed, only a small fraction (7%) is found in the size range of the homodimer. However, because the bulk of activity is in this size range it is likely that the homodimeric complex is the active form of the enzyme. Moreover, both the E. coli-and yeast-produced HOS3 enzyme are stable in very high salt concentration (1 M NaCl), suggesting that the dimer once formed is extremely stable. Interestingly, treatment of the active HOS3 complex with 100 mM 2-mercaptoethanol destroys both the complex and its activity (data not shown), arguing for disulfide bridges (there are 8 cysteines in HOS3) that stabilize the HOS3 enzyme. Because the active HDA1 complex is stable under these same 2-mercaptoethanol conditions (1), it is possible that its stability does not involve disulfide bridges in this manner but requires the noncatalytic HDA2 and HDA3 subunits. Similarly, noncatalytic subunits may be required for the stability of the other histone deacetylases (including RPD3), which are purified as large stable complexes.
Because HOS3 does not require other proteins for its in vitro activity and stability, the role of the large complex that HOS3 is found in remains a mystery. We cannot exclude the possibility that the additional proteins found in the larger complex are required for deacetylation of nucleosomal substrates in vivo, although our data would argue these factors are noncatalytic. These potentially could be required to recognize, gain access to, or target the nucleosomal bound substrate. We also cannot exclude the possibility that the large complex sequesters HOS3 from its targets in the genome until physiological conditions dictate that it be delivered in an active form to those targets. Interestingly, the amino acid sequence of HOS3 contains a nuclear DNA-binding signature motif identical to that of the myb oncoprotein family, as identified by the MOTIF program (Genetics Computer Group). The motif of WTTEEEFNV is in a single copy starting at amino acid 319. This is similar to that of yeast REB1 (26) , a DNA-binding protein that binds rDNA and the promoters of many RNA polymerase II-transcribed genes (27) . Therefore, we cannot exclude the possibility that HOS3 binds DNA directly. In fact, we have used band-shift analysis and methylation interference to show that HOS3 does bind DNA upstream of the MET10 gene in vitro (data not shown). However, we have not been able to demonstrate that HOS3 regulates MET10 expression or is found at MET10 in vivo. Whether the MET10 site is recognized because it is a true binding site or because it is similar to an in vivo binding site is unknown at this time. These possibilities will be distinguished only when the in vivo sites of action of HOS3 are found. This will allow us to determine not only the specificity of HOS3 in vivo but its mode of interaction at the genes which it regulates.
